We fabricated a GaInAsP microdisk laser using a benzocyclobutene (BCB) polymer cladding, which decreased the fragility and the thermal resistance of the conventional air cladding device and simplified the current injection using the metal pad electrode. The threshold current for a 7-m-diameter device was 0.4 mA at room temperature, which was almost the same as that for the air cladding device. The red shift of the resonant spectrum against the continuous wave current was reduced by 54% in the BCB cladding device. Nearly 90% of this reduction is attributed to the reduction in thermal resistance. The remaining 10% is due to the reduction in temperature dependence (athermal effect) by the BCB cladding which has a negative temperature dependence of the refractive index. An analysis shows that the microdisk laser with a polymer cladding can function as an athermal laser when the disk thickness is reduced to 50-80 nm.
Introduction
The microdisk laser [1] [2] [3] [4] [5] [6] [7] [8] is a microcavity laser that operates by the whispering gallery mode (WGM). It is expected to be a low-power-consumption internal light source in a largescale photonic integrated circuit due to its m 3 -order size and the strong optical confinement of the total internal reflection at semiconductor/air boundaries. So far, the disk diameter of the GaInAsP injection device has been reduced to 2 m, 3) and the threshold current under continuous wave (cw) operation has been reduced to 40 A. 5) However, the disk active layer is exposed to air, so it becomes mechanically fragile and the thermal resistance is large (of the order of 10 5 K/W). To solve these problems, some low refractive index claddings were investigated, such as the sapphire cladding 9) and the wet-oxidized AlAs cladding 10, 11) both wafer-bonded to GaInAsP and the wet-oxidized AlInAs cladding epitaxially grown on InP. 12) However, these experiments did not achieve low threshold lasing due to the process damage induced in the active layer.
In this study, we designed, fabricated and evaluated the device buried inside benzocyclobutene (BCB), as shown in Fig. 1 . BCB is a polymer having a refractive index of 1.535 and an absorption loss of <0:25 dB/cm at a wavelength of 1.55 m, thermal stability up to 300 C, and a thermal conductivity of 0.7 W/Km. This thermal conductivity is lower than that of semiconductors, but much higher than that of air, which is 2-3 Â 10 À2 W/Km. Therefore, this device is expected to have a lower thermal resistance. Since this cladding allows the integration of the metal pad, as shown in Fig. 1 , simulta-neous and/or independent driving of many devices will be possible. In addition, the negative temperature dependence of the refractive index of BCB allows the lasing wavelength to be temperature-independent (athermal). [13] [14] [15] In this paper, we will first discuss the design of such a device in §2. Then, we will describe the fabrication process and pulsed lasing characteristics in §3. Next we will compare the threshold and the modal behavior of the air and BCB cladding devices. We will also explain the spectral red shift observed under cw condition, and evaluate the thermal resistance. Finally, we will discuss the general conditions required for the athermal laser and discuss the feasibility of the athermal microdisk laser in §4.
FDTD Analysis
The decrease in optical confinement factor is one of the key issues of the BCB cladding device, even though the refractive index of the BCB is slightly higher than that of air. The minimum diameter restricted by the diffraction loss of the lasing mode will be larger. We calculated the dependence of the Q factor and the optical confinement factor on the disk diameter using the 3-dimensional (3-D) finite-difference time-domain (FDTD) method. 16 ) Diameter 2a of 0.9-3.54 m, a thickness t of 0.2 m and a refractive index n 1 of 3.39 were assumed for the disk positioned at the center of the analysis space with a background index n 0 of 1.0 for air or 1.53 for the BCB. The optical scattering loss at center posts supporting the disk and the internal absorption loss were ignored. Mur's second order absorbing condition was used for the termination of the analysis space. The size of the cubic Yee's cell was 20 nm for each side. The initial excitation was given to the magnetic field normal to the disk plane by a Gaussian pulse modulated by the sinusoidal wave at ¼ 1:55 m. This primarily excites the transverse electric-like polarization. In a real device fabricated in this study, this polarization suffers the optical gain by the electron transition from the conduction band to the heavy hole valence band in compressively strained quantum wells (CS-QW). To selectively excite the even (odd) order azimuthal mode, which is localized near the disk edge, in phase (out of phase) signals were given at two different points, which were symmetric against the disk center. The time step was determined to be 0.3 fs so that it satisfied Courant's condition. The Q factor was evaluated from the ratio of all the mode energy inside the disk to the power radiated outside the disk. The optical confinement factor À was evaluated as the ratio of the mode energy inside the disk to all the energy in the analysis space. Figure 2(a) shows the Q factor in the case of the disk diameter 2a. With the increase in 2a, the azimuthal mode order at $ 1:55 m is shifted linearly and the Q factor is increased exponentially. For the same diameter, the Q factor in the BCB cladding device is lower than that in the air cladding device due to the diffraction loss. If we assume that the Q factor over 3000 is necessary for the lasing operation, 4) then 2a > 3:1 m is required for the BCB cladding device. Figure 2 (b) shows the optical confinement factor À in the case of diameter 2a. For a larger diameter, À converges to a constant value calculated for the three layer slab waveguide. The difference between those in the air and BCB cladding devices is only 0.02. Thus, we can expect sufficient optical confinement in the BCB cladding device, if the diameter is sufficiently large to obtain a high Q.
Fabrication and Evaluation
We used 1.55 m GaInAsP/InP epitaxial wafers with CSQWs similar to those described previously. [3] [4] [5] [6] 8) The thickness, the strain and the number of QWs were 4 nm, 1% and four, five or six, respectively. The active layer also included 10-nm-thick 1.2 m GaInAsP barrier layers, 50-nm-thick 1.2 m GaInAsP and 30-nm-thick 1.1 m GaInAsP optical confinement layers. First, the air cladding device was fabricated by the evaporation of p-side AuZn, the formation of a circular dot pattern by electron beam lithography, the formation of circular mesas by Ar ion beam etching and Cl 2 /Xe inductively coupled plasma etching, the evaporation of n-side AuGe, the formation of the ohmic contact by annealing and the formation of the microdisk by HCl selective etching of InP layers. 5) Next, the BCB polymer (CYCLOTENE 3022-46, Dow Chemical Co.) was spin-coated and cured in N 2 atmosphere at 250 C for 60 min. The BCB layer was thinned by CF 4 /O 2 reactive ion etching to expose the p-side AuZn. Finally, Ti/Au was evaporated and patterned into the shape of the electrode pad by the second lithography and etchings, as shown in Fig. 3 .
During the measurement, the current flowed from the electrode pad. The light which was scattered at the disk edge due to some irregularities was detected by a sharpened multi-mode fiber and analyzed by an optical spectrum analyzer. Figure 4 shows room temperature pulsed lasing characteristics in a 7-m-diameter device with six QWs before and after forming the BCB cladding. Since scattered light was confined in the BCB by the reflection at the BCB/ air boundary, the detected power was weak after the BCB formation. Except for this, there are no significant differences between the two characteristics shown in Fig.  4(a) . The threshold current I th was 0.4 mA before and after the BCB formation. This indicates a small difference in the Q factor and the optical confinement factor between these devices, as explained in §2. If a uniform carrier density is assumed, the threshold current density J th is calculated to be 1.0 kA/cm 2 . If we consider nonuniform carrier distribution in the disk, 4, 5) the effective threshold current density is calculated to be 630 A/cm 2 . As shown in Fig. 4(b) , the full width at half maximum (FWHM) of the spectrum is 0.3 nm above the threshold, the resolution limit of the used fiber and the optical spectrum analyzer. The lasing wavelength was 1.615 m for the air cladding device and 1.633 m for the BCB cladding device. The FDTD analysis indicated that in these cases lasing was achieved by azimuthal mode order 30. Figure 5 shows the temperature dependence of the threshold current for a 5.5-m-diameter BCB cladding device with five QWs. The threshold current is almost constant at temperature T less than À30 C due to the offset gain effect that the lasing wavelength and the gain peak wavelength are tuned and detuned, depending on the temperature.
17) The characteristic temperature T 0 was 73 K and 21 K for T ¼ À30 to 0 C and 0 to 10 C, respectively. The temperature dependences of the lasing wavelength were 0.11 and 0.09 nm/K for the air and BCB cladding devices, respectively, as shown in Fig. 6 . The cw lasing was not obtained in this device due to the relatively high threshold and a large thermal resistance mentioned below. To obtain the cw operation, the reduction in threshold current to <200 A and/or thermal resistance to <10
4 K/W are necessary. Figure 7 shows the resonant wavelength shift measured for a 6-m-diameter device under cw condition. Here, the number of QWs is four for the air cladding device and six for the BCB cladding device. The electric power density is given by the product of the current and the applied voltage. In general, the resonant mode blue-shifts due to the carrier effect and red-shifts due to the thermal effect. At higher injection level, the latter is dominant. By considering the carrier effect at higher injection level, the pure red-shift is estimated to be 3.8 nm/mW and 1.7 nm/mW for the air and BCB cladding devices, respectively. There are two possibilities that reduce the red shift. One is the decrease in temperature rise against constant heat and the other is the decrease in wavelength shift against constant temperature change. The former indicates the reduction in thermal resistance and the latter indicates the reduction in temperature dependence of the optical pass length (athermal effect). The thermal resistance R t is estimated from the temperature dependence of the wavelength d=dT and the power dependence of the wavelength d=dW as 
Figure 8 summarizes the thermal resistance estimated from d=dT measured in Fig. 6 and d=dW measured in Fig. 7 and in previous experiments. 4, 5, 8) The thermal resistance is inversely proportional to the square of the disk diameter. In the BCB cladding device, the thermal resistance is reduced by 54%. This result indicates that nearly 90% of the reduction in red shift of the resonant mode in Fig. 7 is attributed to the reduction in thermal resistance.
Athermal Effect
The athermal laser is a laser whose lasing wavelength is independent of temperature. In general, the lasing wavelength is determined by the material emission wavelength and the optical pass length. In microcavity lasers, the latter is dominant. The temperature dependence of the lasing wavelength is given by
where S is the optical path length in the laser waveguide defined by the product of the modal equivalent refractive index n eq and the length L. The athermal condition is expressed as 14, 15) 1
where sub is the thermal expansion coefficient of the substrate. For a three-layer symmetric slab waveguide with the core index n core , the core thickness t and the cladding index n clad , the athermal condition is given by 14) 1
where core is the thermal expansion coefficient of the core, V is the normalized frequency defined as ð2=Þðt=2Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi n 2 core À n 2 clad p , and b is the normalized propagation constant defined as bð=2Þ
clad Þ for the propagation constant . Equation (4) is satisfied only when the negative temperature dependence of the material index dn=dT compensates the positive terms. For a semiconductor with the band gap wavelength g , dn=dT is positive at transparent wavelengths > g 18) due to the positive temperature dependence d g =dT 19) and the positive dependence of the index on the band gap wavelength dn=d g . 20, 21) The latter can be negative at < g due to the strong dispersion characteristic. However, since the gain peak wavelength is not significantly far from g against the standard injection level, dn=d g is still positive, so we can consider a positive dn=dT at the lasing wavelength. On the other hand, polymers generally have negative dn=dT. Therefore, the combination of a semiconductor core (active layer) and a polymer cladding can realize the athermal laser.
To investigate the result in Fig. 6 , we calculated ð1=LÞdS=dT in eq. (4) with parameters shown in Tables I and II. The refractive index, the temperature dependence of the index 19) and the thermal expansion coefficient in GaInAsP were determined by Vegard's law. These properties for the disk composed of multiple quaternary layers, were determined by taking the average after weighting the ratio of each thickness. For simplicity, we ignored the influence of the dispersion of the refractive index, since the dispersion is large only in QWs, and QWs occupy only $10% of the disk thickness t. Figure 9 shows ð1=LÞdS=dT calculated using the number of QWs. The values are 1:9 Â 10 À4 and 1:8 Â 10 À4 for the air cladding device with 4 QWs and for the BCB cladding device with 6 QWs, respectively. This small difference indicates that the reduction in red shift is not primarily due to the athermal effect but due to the reduction in thermal resistance. Using eq. (2), d=dT for the air, BCB, and InP cladding devices were calculated to be 0.11, 0.09 and 0.10 nm/W, respectively. Thus the obtained theoretical values almost agree with the experimental plots, as shown in Fig. 6 .
To satisfy the athermal condition of Eq. (4), dn clad =dT must be a much larger negative value and/or the waveguide structure must give smaller (2b þ V@b=@V) and larger (2ð1 À bÞ À V@b=@V). For the latter, the reduction in disk thickness t is effective. Figure 10 shows ð1=LÞdS=dT calculated using the disk thickness t. Here, we assumed that the active layer was composed of 4-nm-thick 1.55 m GaInAsP single QW and 1.1 m GaInAsP barrier layers. ð1=LÞdS=dT is decreased by reducing the disk thickness, since the mode penetration to the air is accelerated. However, the athermal condition cannot be satisfied by the air and InP claddings. For the BCB cladding, the athermal condition is satisfied with t ¼ 50 nm. For the polymethylmethacrylate (PMMA) cladding having a larger negative dn=dT than that of BCB, the athermal condition is satisfied by t ¼ 76 nm. The optical confinement factor in the QW is much less than 1% in such ultrathin disks. However, the laser performance will not be affected seriously, since the key issue of a low optical confinement in the normal semiconductor laser is the increase in absorption loss in claddings, which is negligible in polymer claddings (the absorption coefficient of the BCB is less than 0.3 cm À1 at ¼ 1:55 m). The Q factor was calculated for such thin disks as a function of disk diameter 2a, as shown in Fig. 11 . Here, we used a 2-D model with an equivalent refractive index of the disk because of two reasons. One is that computer memories of over 10 GB are necessary for the 3-D calculation to model such a large disk diameter, as shown in Fig. 11 . The other is that the equivalent index approximation is expected to provide almost accurate results for such ultrathin disks. To achieve Q > 3000, disk diameters of 14 m and 32 m are required for the PMMA and BCB cladding devices, respectively. Since the threshold current is large in such large diameter devices due to the serious leakage current through the center region, the cw lasing will be difficult. The leakage current can be reduced by removing the center region by the etching process to achieve a ringlike structure.
Conclusion
We designed, fabricated and evaluated 1.55 m GaInAsP microdisk injection lasers using the BCB polymer cladding. The 3-D FDTD analysis indicated that the lasing is possible when the disk diameter is larger than 3.1 m. In the experiment, we obtained the room temperature pulsed lasing in a 7-m-diameter device with a threshold current of 0.4 mA for both air and BCB claddings. The thermal resistance was reduced by 54% in the BCB cladding device. By analyzing the experimental results, we found that the microdisk laser with a polymer cladding could be athermal. The athermal condition is satisfied when the disk thickness t is 50 nm and the diameter 2a is over 32 m for the BCB cladding device and t ¼ 76 nm and 2a ¼ 14 m for the PMMA cladding device.
